Abstract. Single-cell analysis is a very important field of research and is currently at the frontier of physical and biological sciences. Understanding how the phenotype of a single-cell arises from its genotype is a complex topic. Currently, the prevailing paradigm to analyze cellular functions is the study of biochemical interactions using fluorescence based imaging systems. However, the elimination of the labelling process is highly desirable to improve the accuracy of the analysis. Living cells are electromagnetic units; in as much they use electric mechanisms to control and regulate dynamic processes involved in inter alia signal transduction, metabolism, proliferation and differentiation. Recent developments in micro-and nanofabrication technologies are offering great opportunities for the analysis of single cells; the combination of micro fluidic environments, nano electrodes/wires and ultra wide band electromagnetic engineering will soon make possible the investigation of local (submicrometer scale) dynamic processes integrating several events at different time scales. In the paper, we present recent approaches which aim at investigating singlecells with the help of MEMS and NEMS (Micro and Nano Electro Mechanical Systems) and ultra wide band (DC-THz) electromagnetic characterization techniques.
Introduction
To understand how cells respond to environmental stimuli, reconstruction of biochemical network models based on the different components of the cell, namely the genome, the transcriptome, the proteome and the metabolome is necessary (Fig. 1) . The first step is the cataloging of all genes and proteins that are expressed in a mammalian cell under given external stimuli. The sequencing of the genome has been achieved thanks to different techniques like DNA microarrays [1] or chromatine immunoprecipitation [2] . Obtaining the proteome of a cell is a much more difficult task. Besides being present in low concentrations, proteins are constantly undergoing changes in their state by forming complexes with other proteins, undergoing covalent modifications and binding to myriad substrates in a cell. Most current efforts focus on analyzing a cellular milieu for specific proteins using immunoprecipitation and tagging methods [3] . At the next level of organization, the interactions between components in the cell form complex networks, and the determination of the network topology represents a formidable challenge.
Measurements made on single, living cells are necessary to understand the molecular mechanisms involving these intracellular signalling molecules. Numerous studies have demonstrated that individual cells may seem identical but behave heterogeneously, both in timing and magnitude of signalling responses [4] . For instance, gene expression occurs stochastically, as a consequence of the low copy number of DNA and mRNA molecules involved [5] . Consequently, accurate measurement of most cellular properties requires monitoring from individual cells to avoid errors due to averaging across a population of cells. Monitoring the events that occur during signalling requires in vivo methods because the preparation of cellular extracts performed in traditional biochemical assays disrupts the normal compartmentalization and subcellular environment in which physiological signalling occurs. Such manipulation almost invariably allows time for chemical reactions to proceed during the extraction process, which may introduce inaccuracies in the measurement. Thus, on-line, real-time and non-invasive monitoring of single cells is currently the focus of the frontier of biophysical studies. Due to the ultra small size of single cell (volume fL-nL), ultratrace amount of component (zmol-fmol), ultrarapid biochemical reaction (ms), high sensitivity, high selectivity, high temporal resolution and ultrasmall sampling-volume are necessary. As a consequence, deciphering spatiotemporal variations of signalling molecules (i.e.: a receptor, a channel, an enzyme or several other functionally defined species) in a dynamic cell remains beyond the scope of current technologies.
Microscopy and fluorescence are currently the best methods to study dynamically molecules interactions in living cell [6] . The rapid development of these techniques has been made possible thanks to new fluorescent probes and improvements in microscope systems and software. Confocal laser scanning microscopy, total internal reflection fluorescence microscopy, fluorescent correlation spectroscopy (FRAP, FLIP), fluorescence resonance energy transfer (FRET), fluorescence lifetime imaging (FLIM) are now almost commonplace. Recent works using stimulated emission depletion (STED) or scanning near field optical microscopy (SNOM) has enabled a substantial increase in resolution below the diffraction limit. However, resolution is not the only criterion to select these PHENOTYPE NOISOME GENOME METABOLOME PROTEOME TRANS-CRIPTOME EXTERNAL STIMULI a) b)
systems and one should also consider the speed of analysis, the viability of the cells, the reliability of the measurements and the accuracy of the analysis method (often based on mathematical modelling). These optical systems have pros and cons and compromises have to be made.
That is why others technologies are also investigated and their coupling to optical methods will hopefully provide a full picture of the reality. These technologies sense either the mechanical or the electrical properties of the cells. For instance, atomic force microscopy (AFM) is being used increasingly as an ultra-precise micro-manipulator to measure binding forces of interactions between proteins, between cells, between receptors and ligands or between cells and their substrates [7] . Solid-state and electrochemical sensors like scanning electrochemical microscopy (SECM) [8] , field effect transistor (FET)-based chemical sensors [9] have also demonstrated their capability to detect events at a single-cell level. Other solid-state sensor technologies exist (i.e.: surface acoustic wave (SAW) [10] , quartz crystal microbalance (QCM) [11] , dielectric spectroscopy (DS)) but they are currently not suitable for single-cell detection due to size, detection range or sensitivity incompatibilities. Finally, nonoptical-sensing technologies do not yet have widespread applicability to monitoring intracellular interactions.
Dielectric spectroscopy is an old experimental tool which has dramatically developed in the last two decades. It covers nowadays the extraordinary spectral range from 10 -6 to 10 12 Hz. This enables researchers to make remarkable contributions to contemporary problems in modern physics.
Dielectric Spectroscopy of Single Cell
The dielectric properties of biological cells have been studied for over a century, and have led to such discoveries as the molecular thickness of the cell membrane and the ionic nature of nerve conduction [12] [13] . The complex dielectric function has its foundation in Maxwell's equations. It describes -within the regime of linear response -the interaction of electromagnetic waves with matter and reflects by that the underlying molecular mechanisms (Fig. 2) .
Every kind of cell consists at an atomic level of negative and positives charges balancing each other in microscopic as well as in more macroscopic scales. Macroscopically, some localized space charge may be present, but even then, an overall charge neutrality exists. As soon as the the cell is exposed to an electric field (as generated by a voltage across electrodes between which the dielectric is embedded), very different kind of dipoles become excited even within atomic scales. A local charge imbalance is thus induced within the neutral species (atoms or molecules) as the centres of gravity for the equal amount of positive and negative charges become separated by a small distance, thus creating a dipole with a dipole moment which is related to the local or microscopic electric field acting in close vicinity of the species. Due to chemical interactions between dissimilar atoms forming molecules, many molecules will have a constant and stable distance between the charge centers thus forming permanent dipole moments, which are in general not uniformly distributed within the matter as long as no external field is applied. Let us now recall the main mechanisms producing polarization (P). Electronic polarization is effective in every atom or molecule as the centre of gravity of the electrons surrounding the positive atomic cores will be displaced by the electric field (E). This effect is extremely fast and thus effective up to optical frequencies. Ionic or molecular polarization refers to matter containing molecules forming ions, which do not separate by low electric fields or working temperatures. 
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influence of E, the dipoles will be oriented only partially, so again a linear dependency of P with E exists. Ionic and dipolar polarizations are still quite fast effects and may follow AC frequencies up to MHz or GHz. Interfacial polarization is predominantly effective in heterogeneous materials. The mismatch of the products permittivity by electric conductivity for the different dielectrics forces movable positive and negative charges to become deposited on the interface of different insulating materials, thus forming dipoles. This phenomena is often very slow and appear in KHz. Finally, diffusion of charge carriers between localized sites of charges may occur creating also polarization. This is in general also a slow process.
In general, starting from the pioneer works of Schwan [14] , the mechanisms producing polarization in biological cells are termed α, β, δ and γ. The α-dispersion is due to the tangential flow of ions across cell surface, the β-dispersion is an interfacial polarization resulting from the build-up of charge at cell membranes, the δ-dispersion is produced by the rotation of macromolecular sidechains and bound water, and the γ-dispersion is due to the dipolar rotation of small molecules particularly water (Fig. 3) .
The dielectric response of biological cell has long been assumed linear. However, a protein (i.e.: receptor, ion channel) which has different dipole moments in different conformations during its operation may affect and be affected by electromagnetic fields [15] . Change between states is unlikely to be smoothly or linearly related to the field due to the constraints imposed on the protein by its environment in the membrane, so the dielectric response of the material is nonlinear even at low applied fields [16] . The modulated transmembrane potential drives membrane proteins to change their conformational states, and can even induce pumps to transport ions. This behavior shows up as the generation by the biological cell of harmonics of the applied frequency which can be measured with a spectrum or Fourier analyzer [17] [18] .
Frequencies well below KHz are required to obtain sufficient transmembrane field amplification for the non-linear response to be dominated by complexes in the plasma membrane. A problem that plagues measurements at low frequencies is the generation of harmonics by the electrical double layer at each electrode. In order to reduce such spurious harmonics, a reference spectrum (dB power spectrum) is taken using the culture medium of the cell under test. This is the polarisation signature. This is then subtracted from the equivalent spectrum from the cell and medium. This procedure deconvolves the polarisation harmonics from those produced by the cell nonlinearity.
Finally, we know that ion transport through membranes arises from a diversity of interrelated and interactive physical and chemical phenomena over a wide range of spatial and temporal scales. The shape and duration of biological membrane electrical events fluctuate in time. The shape (e.g., height, width, etc.) of each event, as well as each time interval of recurrence, is never an exact replication of any previous event.
Measured fluctuations may often reflect experimental uncertainties in measured quantities that are usually assumed to be normally distributed and therefore characterized by a mean value and a variance defined for a specific interval of time over which a number of measurements are made. Changes in mean values of these measured quantities under different experimental conditions can be interpreted in terms of physical models. That is why the observation of long-living voltage fluctuations in cell membranes can give detailed information on the dynamic processes occurring in the membrane [19] . The measured noise power spectrum density exhibits thermal, shot and flicker noises which varies upon external stimuli.
Microdevices and Technologies
As detailed in the previous section, access to a broad frequency range is absolutely necessary to characterized biological cell due to their size and chemical diversity. That is why we are currently investigating different types of structures. In the low frequency range (LFR) (<100MHz), we have designed/fabricated coplanar and 3D electrodes sensors for impedance measurements (Fig. 4) . In the radio and microwave frequencies ranges, we are using coplanar slotline (CS) or waveguide (CPW) (Fig. 5 ) and in the Tera Hertz range, we are investigating Goubau line (GL) (Fig. 6a) . G-line is a single wire line showing low loss transmission thanks to the excitation of a surface electric wave [20] . BioMEMS are fabricated on silicon or glass substrates with microfluidic parts in polymeric materials. Different polymer materials are available (e.g.: polycarbonate, polyethylene, polymethylmethacrylate, polystyrene, polydimethylsiloxane (PDMS)). We are using usually PDMS which is optically transparent, amenable to micromolding, biocompatible and has excellent O2 and CO2 permeability. However, it has several disadvantages. It shows fairly high losses (εr≈2.7, tanδ≈0.04 in V and W-bands). Its Young modulus is extremely low (<5MPa). Its metallization requires surface treatment (i.e.: with teflon like material). That is why we have selected Plasma Polymerized TetraMethylDiSilOxane (PPTMDSO) [21] . A new technological process based on cold remote nitrogen plasma (Fig. 6b ) allows us to obtain 50-80µm thick layers with a rigid texture and a very good adhesion to silicon substrate. This technological process is now well defined and is compatible with a classical microelectronic process for the deposition of the metallic planar waveguides (Fig. 5b) . The dielectric properties of PPTMDSO have been measured. The permittivity up to 0.8 THz and the losses are 2 dB/mm at 200 GHz (Fig. 7) .
Modelling and Measurements
The accuracy of the electromagnetic characterizations depends on the correct design of the sensors (i.e.: coplanar electrodes or waveguide, 3D electrodes, GL, etc…). In the LFR, one can solve Laplace equation in combination with the finite element method (FEM) (Fig. 8a) . However, for realistic dielectric model of the cell, geometrical details prevent the use of FEM due to memory and solver limitations and we are developing an approach based on Kirchhoff laws and transport lattice method [22] . In the high frequencies range (HFR), one can solve the Maxwell equations and obtain the spatial distribution of the electric and magnetic field along the CPW, SL and GL (Fig. 8b) .
Simulations have been performed with the Microwave Studio software from CST. In the future, we have to work on the high frequency modelling of the cell. In LFR, we have already performed measurements on single cell using 3D silicon electrode structures (Fig. 9a) . We have shown that β-relaxation can be seen with this microdevice in the [1KHz-1MHz] range (Fig. 9b) . Further investigations aims at studying the receptor-ligand interactions with such sensor. In HFR, on-wafer measurements (Fig. 10a ) have been made with VNA (Fig. 10b) covering the [40MHz-110GHz] and [140GHz-220GHz] bands on a back-to-back structure (see inset in Fig. 10a ). The propagation of the wave is experimentally demonstrated regarding the value (-5dB at 140 GHz) of transmission parameter (S21). These preliminary results show that GL are promising sensors for BioMEMS applications. The next step is to performed measurements on single cell with this GL. 
Summary
We have reviewed different approaches currently under investigation for the study of interactions at the membrane of biological cells. Our work focuses on the development of microprobes for the study of the dielectric properties of the membrane. Our goal is to use both polarization effects (up to GHz) and resonant vibrational absorption (up to THz) to characterize these interactions. Numerical modeling and simulations help us to design these microprobes. We have already performed measurements on single cell in the low frequency range (<100MHz). 
